Nuclear femtography as a
bridge from the nucleon to
neutron stars

QCD with EIC
[IT Bombay
January 4-7, 2020



Repulsive
pressure

Burkert, Elouadrhiri, Girod,
Nature 557, 396 (2018)

* “The average peak pressure near the center is
about 103 pascals, which exceeds the pressure
estimated for the most densely packed known
objects in the Universe, neutron stars”
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How is the pressure
distribution extracted
from data?

(How does the _
proton/neutron get its
mass and spin?)
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“ ...the existence of quark-matter cores inside very
massive NSs should be considered the standard
scenario, not an exotic alternative. QM is altogether
absent in NS cores only under very specific
conditions,...”



Densities and distance scales

pressure [MeV /fin’]

Annala, E., Gorda, T., Kurkela, A., Nattila, J.,
& Vuoq’}ngn, A. arXiv:1903.09121
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» In lieu of the nucleon bag model, the EoS in the quark matter
phase can be inferred directly from the
matrix elements between nucleon
states

» In lieu of the bag constant, B,
play a fundamental role
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Evaluating the mechanical properties of the proton
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S=1/2

QCD EMT matrix element between proton states
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A | T | p, A) = U@, N[V PY +~"P*U (p,A) + B(t)U(p', )i

U(p, A)

off forward

forward g and g not separately conserved
- + »n'
P:pzp
1 D=p-p=q-¢
\2 _
_t=(p-p') =D

1/6/2020 11



Direct calculation of EMT form
factors

Donoghue et al. PLB529 (2002),
A. Freese , QCD Evolution 2019

Figure 2: Feynman diagrams for spin 1/2 radiative corrections to T,,,..
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Deeply Virtual Compton Scattering
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EMT matrix elements from Generalized Parton Distributions Moments

qé § |
Q‘u V00

t‘: ‘

Large momentum transfer Q2>>M? = “deep”

Large Invariant Mass W2>>M? =» equivalent to an “inelastic”
process
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/d:z:xH(a:,f,t) =
/dmmE(az,f,t) =

2"d Mellin moments

From OPE “ From EMT

Ago(t) + E2Coo(t)

Bao(t) — £2Ca0(t)

A(t) + £2C(t) «—

B(t) — £*C(t)

D-term
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Physical interpretation of EMT form factors
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Deuteron

Angular momentum sum rule for spin one hadronic systems

Swadhin K. Taneja,’ * Kunal Kathuria ?- T Simonetta Liuti,? ? and Gary R. &

PRD86(2012)
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General rule to count form factors: t-channel J°¢q. numbers
—
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TABLE I1I: J*% of the vector operators with (S; L, L) for the corresponding NN state. Where
there are no (S: L, L') values there are no matching quantum numbers for the NN system.
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S.Taneja et al., PRD86(2012)

2 / doa[H (x, 1)~ 3 H(w, &, 1)] = Gu(t) + E23()
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Connecting with observables: work in progress with Brandon Kriesten, Abha Rajan
Swadhin Taneja



Two distinct distance scales

loffe time

Z+

partons location

q(x,b) =
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G. Miller(2007)

Neutron “textbook” density

What does negative <r2> mean?

meany
<r:> = Irl o)y d¥r = Jrl dr

« charge density must have both -ve and +ve reg i t charge = 0

egions, since net charge =
+ integral is weighted with r2> more negative charge at large radius
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Using we can

map out faithfully the spatial
guark distributions in the
transverse plane

(no modeling/approximation)



Number density vs radius Energy density vs radius
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Rajan, Gorda, SL, Yagi, arXiv:1812.01479

LVC p
GW170817 ' QCD EMT

Annala et al. (2019)

MIT bag model: strange quark
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(B)=0.75 fm

Nuclear Spatial Density




ALERT Proposal at Jefferson Lab: Nuclear Exclusive and Semi-inclusive Measurements

with A New CLAS12 Low Energy Recoil Tracker
W. Armstrong. M. Hattawy et al.
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Measuring the
Nucleon
Gravitomagnetic

Form Factors 0]

courtesy M. Defurne
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v' Supersedes previous work by Belitsky Kirchner Mueller and
Kumericki Mueller

v The main advantage are :
v' Covariance (not just Lab frame): a desirable feature
for the EIC

v' Transparent description of observables that ties into
the TMD and other coincidence experiments picture

29



A multi-step, multi-prong process: compare to imaging of blackhole

v" Main idea: Very Long Baseline
Interferometry (VLBI), an array of smaller
telescopes synchronized to focus on the
same object and act as a giant telescope

v’ Precision: large aperture (many telescopes
widely spaced) and high frequency radio
waves

v Data Management: 5 petabytes physically
transported to a central location. Data
from all eight sites were combined to
create a composite set of images, revealing
for the first time M87*’s event horizon.

It took nearly two decades to achieve !

1/6/2020

Electron lon Collider (EIC)

v" Main idea: use DVCS, TCS, DVMP... and
related processes as probes

v" Precision: high luminosity in a wide
kinematic range is key!

v Data Management: unprecedented
amount of data need new Al based

techniques to handle the image making

Date of first proton image?...

O

M87*
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A multi-step, multi-prong process

» Deeply Virtual Compton Scattering
> Timelike Compton Scattering €

t=A?

1/6/2020
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A multi-step, multi-prong process

» Deeply Virtual Meson Production
» Exclusive Drell Yan

1/6/2020
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A multi-step, multi-prong process

Deeply Virtual Meson Production

Exclusive Drell Yan

1/6/2020
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We can access all twist three GPDs and test the unique information in their qgq structure, e.g. OAM GPD
M. Engelhardt’ talk

Straight link
For = /1dy(H+E)+ i /1‘@~ 1 im Ky
2T — Ty . i y2 T F1q N yg Fi4
WW term genuine twist three term
Staple link
1 2 1 1
. d H dy -~ 1 d
For = _/ _y(H + E) + | _/ _g + [_MF14 - _?QJMF14] -
z Y L z Y L x Y

An experimental measurement of twist 3 GPDs from DVCS only
is sensitive to OAM but it cannot disentangle the difference

from the staple
between JM and Ji decompositions
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BH-DVCS
Interference

40

dF)O'I
dxp; dQ2 d|t|dpdos

{FgU + (2h) Fly + (M) Ffp + (2h)2A)FEL + (A7) Fir + (2h)(2A7) Fiyp

= el (TguToves + TpvesTen)

=€ ——

sz

7z _ pLtw2
Foy = F, it

UU Je (Fl% + TF)(":) + BUU Yj\,{ﬁRE? (H + g) + CgrUGﬂ[%fﬁ

LIfifru'!S = %6{41(:?3; [Fl (_27:221" + Eor) + Fo(Hor + TﬂzT)]

+BUU G E’T + CrUU Gar |26Hor — 'T(E)T — fE)T)] }

1/6/2020



Rosenbluth separation for Bethe-Heitler contribution
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Comparison with other/BKM based analyses
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Center for Nuclear Femtography Project at Jefferson Lab
Summer Institute for Wigner Imaging and Femtography
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The University of Virginia
s stepping up this truly
interdisciplinar‘effort

*Q
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Femtography Imaging with Neural Networks (FINN)
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our Data Analysis Team to .
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and in terms of the CFFs. ’:j
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We translate the x-sec. code into TensorFlow

=>» Automatically differentiable

=>» At variance with other efforts we can train CFF extraction
network with backpropagation and variants of stochastic
gradient descent.



Compton Form factors

xg Dependence
R(E) , R(H)

——
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Conclusions and Outlook

The EoS of dense matter in QCD can be obtained from first principles, using ab
initio calculations for both quark and gluon d.o.f.

Gluons are found to dominate the EoS providing a trend in the high density
regime which is consistent with the constraint from LIGO.

We can connect the pressure and energy density in neutron stars with collider
observables: the GPDs.

The proposed line of research opens up a new framework for understanding the
properties of hybrid stars. In the future we hope to set more stringent
constraints on the nature of the hadron to quark matter transition at zero
temperature.

Simonetta Liuti
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» Jefferson Lab’s measurement on the pressure inside the nucleon/hadronic
matter needs to be corroborated by an independent set of measurements

Neutron stars mergers/multimessenger astronomy provide an independent
constraint

requires stepping up data analyses from the standard methods =

Center for Nuclear Femtography Project
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